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The	design	of	 the	unit	 included	 testing	 the	wash	process	 in	 laboratory	and	pilot	 scale,	 choosing	 the	 suitable	




grown	 sale	 incomes.	 Sensitivity	 analysis	 was	 performed	 for	 the	 fixed	 capital	 investment	 and	 the	 prices	 of	
chemicals:	nitric	acid	and	sodium	hydroxide.		
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Alkalinpoistoyksikkö	 suunniteltiin	 testaamalla	 pesuprosessia	 laboratoriossa	 ja	 pilot-mittakaavassa,	
valitsemalla	 sopivat	 laitteet,	 piirtämällä	 virtauskaavio	 säätöventtiileineen,	 kirjoittamalla	 käyttöohjeet,	
laskemalla	 ainetaseet,	 määrittämällä	 tärkeimmät	 tekniset	 arvot	 kaikille	 laitteille.	 Yksikön	 taloudellinen	
kannattavuus	 selvitettiin	 etsimällä	 ajankohtaiset	 hinnat	 laitteille,	 laskemalla	 hankintameno	 näiden	
perusteella,	 laskemalla	 käyttökustannukset	 ainetaseiden	 perusteella	 sekä	 laitteiden	 sähkönkulutus	 ja	
vertaamalla	näitä	kasvaneisiin	myyntituloihin.	Herkkyysanalyysi	tehtiin	investointi-	ja	käyttökustannuksille.		
	
Työssä	 suunniteltiin	 prosessi,	 jossa	 on	 seuraavat	 vaiheet:	 Metsätähdebiomassa	 murskataan	 hienompaan	
partikkelikokoon	 (<	5	mm),	pestään	40	 °C:lla	 laimealla	 typpihapolla	 (1:5),	kiintoaine	erotetaan	alipaineessa	
rummussa,	huuhdellaan	40	°C	vedellä	(1:5),	puristetaan	kosteus	pois	mekaanisella	prässillä	ja	käytetty	happo	
neutraloidaan	 lipeällä.	 Suurin	 osa	 vedestä	 kierrätetään	 käänteisosmoosilla,	 joka	 erottelee	 suolat.	 Jätevesi	
johdetaan	kunnalliselle	jätevedenpuhdistamolle.		
	
Pesuprosessin	 tavoitteena	 on	 vähentää	 biomassan	 tuhkapitoisuus	 runkopuun	 tasolle.	 Tavoite	 saavutettiin	
laboratoriossa	 ja	 lähes	 saavutettiin	 pilot-kokeessa.	 Poistotehokkuus	 oli	 50	%	 laboratoriossa	 ja	 45	%	 pilot-
kokeessa.	 Bioöljyn	 orgaanisen	 nesteen	 saanto	 pestyn	 biomassan	 pyrolyysikokeessa	 (56	 %)	 ei	 kuitenkaan	
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energy	 sources,	 because	 fossil	 fuel	 resources	 are	 limited	 and	 the	 total	 CO2-
emissions	should	be	reduced.	One	of	the	most	interesting	renewable	fuels	is	fast	
pyrolysis	bio-oil	 (FPBO),	which	 is	produced	 from	biomass	by	 fast	pyrolysis.	Bio-
oils	may	be	utilized,	stored	and	shipped	much	like	conventional	liquid	fuels	once	
their	specific	properties	are	taken	into	account	(Oasmaa	et	al.	2010b).	The	use	of	
bio-oil	 reduces	 greenhouse	 gas	 emissions	 over	 90	 %	 compared	 to	 fossil	 fuels	
(Fortum	2015)	and	gives	an	opportunity	to	energy	industry	to	become	more	self-
sufficient.		
Valmet	 has	 built	 in	 Joensuu	 the	world’s	 first	 integrated	 fast	 pyrolysis	 plant	 for	
Fortum	 in	 2013.	 This	 CHP-plant	 (combined	 heat	 and	 power	 plant)	 produces	
50	000	 tons	of	bio-oil	 from	 forest	 residue	biomass	annually	 in	addition	 to	heat	
and	power.	50	000	tons	of	bio-oil	can	heat	more	than	10	000	households	a	year.	
(Fortum	 2015)	 The	 plant	 utilizes	 VTT’s	 (Technical	 Research	 Centre	 of	 Finland)	
integrated	pyrolysis	technology,	which	is	further	developed	in	the	Bioruukki	pilot	
centre,	 PDU.	 The	 raw	material	 and	product	 of	 the	 fast	 pyrolysis	 from	PDU	are	
presented	 in	 Figure	 1.	 In	 the	 future	 bio-oil	 may	 perhaps	 be	 used	 also	 for	 the	










for	 the	 alkali	 removal.	 Alkalis	 in	 biomass	 cause	 a	 lot	 of	 problems	 in	 the	 fast	
pyrolysis	plant.	Alkali	metals	decrease	bio-oil	yield	in	fast	pyrolysis	(Oasmaa	et	al.	
2010a,	Trendewich	et	al.	2015),	cause	phase-separation	of	fresh	bio-oil	(Oasmaa	
et	al.	 2015a)	and	poison	catalysts	 in	 catalytic	pyrolysis	 (Paasikallio	et	al.	 2014).	





the	 alkalis	 from	 biomass.	 The	 yield	 increase	 of	 organic	 liquid	 is	 especially	
significant,	when	lower	grade	feedstocks	containing	high	amounts	of	ash,	such	as	
forest	residue	biomass,	are	used	in	the	production	of	the	fast	pyrolysis	bio-oil.		
The	 focus	 in	 this	 thesis	will	 be	on	 the	method,	which	 combines	acid	wash	and	
water	 rinsing	 for	 the	biomass	alkali	 removal.	This	 thesis	 is	a	part	of	Tekes	High	
Demand	 -project	 at	 VTT,	 in	 which	 also	 other	 possible	 biomass	 alkali	 removal	






There	 are	 two	 aims	 in	 this	 thesis.	 The	 first	 goal	 is	 to	 design	 a	 realistic	 and	
functioning	biomass	alkali	 removal	process	 for	 the	 fast	pyrolysis	plant.	Another	
objective	is	to	study	the	economic	potential	of	that	process.			
These	goals	will	be	reached	by	testing	the	wash	process	both	 in	 laboratory	and	
pilot	 scale,	 choosing	 the	 suitable	 equipment	 for	 the	 process,	 drawing	 the	 flow	
chart	 including	the	control	 instruments,	calculating	the	mass	balances	based	on	
the	 laboratory	 experiments,	 defining	 the	 most	 important	 dimensions	 and	
specifications	for	all	the	equipment	and	writing	the	operating	instructions	for	the	
function	of	the	new	unit.	The	economic	potential	will	be	studied	by	searching	the	
current	prices	 for	all	 equipment,	 calculating	 the	 fixed	 capital	 investment	based	




All	 the	 calculations,	 dimensions	 and	 equipment	 for	 the	 biomass	 alkali	 removal	













There	 are	 three	 commercial	 scale	 fast	 pyrolysis	 demonstration	 plants	 in	 the	
world.	 They	 are	 located	 in	 Joensuu,	 Finland	 (Fortum	 2015),	 in	 Hengelo,	 the	
Netherlands	(Empyro	2015)	and	in	Renfrew,	Canada	(Bradley	2015).	Even	though	
the	 reactor	 technology	 differs,	 the	 principle	 of	 the	 process	 is	 similar	 in	 each	




market	 price	 of	 heavy	 fuel	 oil,	 HFO.	 The	 market	 price	 of	 the	 new	 bio-oil	 is	











Figure	2.	Heavy	 fuel	oil	prices	 in	Rotterdam	(Insee	2016),	 light	 fuel	oil	prices	 in	
Finland	 and	 forest	 residue	 fuel	 prices	 in	 Finland	 without	 taxes	 (Tilastokeskus	
2015).	
	








of	 the	 feed,	 but	 also	 on	 the	 reaction	 parameters,	 the	 reaction	 system	
temperature	and	reaction	time.	The	obtained	by-products	gas	and	charcoal	can	
be	 used	 to	 dry	 the	 feed	 and	 to	 preheat	 the	 reactor.	 (Bridgwater	 et	 al.	 1999,	
Scholze	2002)		
In	the	Fortum’s	 integrated	fast	pyrolysis	plant,	 fast	pyrolysis	bio-oil	 is	produced	
as	presented	here.	The	raw	material	is	forest	residue	biomass,	which	consists	of	
wood	chips,	saw	dust	and	other	wood-based	forest	residue	biomass.	The	process	





the	condensation	of	 the	pyrolysis	oil,	 steam	from	the	 turbine	and	district	heat.	
The	 heat	 from	 the	 condensation	 of	 the	 pyrolysis	 oil	 is	 attempted	 to	 utilize	 as	
much	 as	 possible,	 because	 it	 is	 free	waste	 heat	 from	 the	 process	 (Solantausta	
2016).	 After	 drying	 the	 wood	 chips	 have	 a	 moisture	 content	 of	 about	 8	 w-%.	
Subsequently	 the	 raw	material	 is	milled	 to	 finer	particles.	 This	 is	 carried	out	 in	
the	fine	milling	unit	of	the	process.	The	milled	raw	material	is	transported	to	the	
pyrolysis	 reactor.	 Before	 the	 pyrolysis,	 the	 fuel	 is	 stored	 in	 a	 reactor	 fuel	 silo.	
(Fortum	 2015)	 After	 the	 pyrolysis	 reaction	 the	 purge	 gas	 is	 supplied	 to	 the	
fluidized	bed	boiler,	which	has	a	temperature	of	800	°C.	The	sand	and	char	are	
also	 fed	 to	 the	 fluidized	 bed	 boiler.	 In	 the	 integrated	 fast	 pyrolysis/CHP	 plant,	
two	 products	 in	 different	 units	 are	 manufactured:	 bio-oil,	 and	 high	 pressure	
steam	 from	 the	 fluidized	 bed	 boiler,	 from	 which	 heat	 and	 electricity	 can	 be	







hemicelluloses	 and	 lignin.	 These	 three	 components	 form	 about	 95–97	 w-%	 of	
dried	 wood.	 There	 are	 also	 neutral	 substances,	 extractives,	 in	 the	 wood,	
especially	when	bark	and	needles	are	present.	The	rest	is	inorganics.	About	42	%	
of	the	mass	of	dried	wood	consists	of	cellulose.	Hardwood	and	softwood	consist	
of	 16–24	 %	 and	 24–33	 %	 of	 lignin,	 and	 about	 30–38	 %	 and	 21–30	 %	 of	
hemicellulose,	 respectively.	 (Scholze	 2002)	 In	 Finland,	 the	 total	 volume	 of	
growing	stock	consists	of	pine	(46	%),	spruce	(37	%),	birch	(14	%)	and	other	wood	
(3	 %)	 (Kaipainen	 2003).	 Pine	 and	 spruce	 are	 classified	 as	 softwood,	 birch	 as	







Table	 1.	 Elemental	 composition	 of	 forest	 residue	 on	 dry	 basis,	 d.b,	 in	 Finland	
(Alakangas	2000,	Wilén	et	al.	1996).			
Ultimate	analysis	(w-%	d.b.)		 Moisture	
C	 H	 N	 O	 S	 Ash	 [%]	















(e.g.	 Na2SO4),	 phosphates	 (e.g	 MgCaPO4),	 carbonates	 (CaCO3),	 chlorides	 (KCl),	
and	 nitrates	 (KNO3).	 A	 comprehensive	 list	 of	 ash	 compounds	 in	 biomass	 is	
presented	 in	 Attachment	 4.	 (Vassilev	 et	 al.	 2012)	 The	 ash	 compositions	 of	
different	biomasses	are	presented	in	Table	2.		
Large	 quantities	 of	 alkali	metals	 are	 required	 as	 nutrients	 and	 counter	 ions	 in	
living	 plants.	 For	 example,	 in	 the	 fast	 growing	 parts	 of	 trees,	 such	 as	 small	
branches,	twigs	and	leaves,	the	alkali	contents	are	higher	than	in	trunk	tree	and	
in	 larger	 branches.	 Around	 90	 %	 of	 the	 alkali	 in	 biomass	 is	 present	 in	 water-
soluble	or	 ion	exchangeable	 form	and	has	potential	 to	vaporize	during	heating.	
(Davidsson	et	al.	2002)	Potassium	is	bound	in	biomass	predominantly	as	salts	or	
organically	bound	 in	 ion-exchangeable	 form	 (Valmari	2000).	Nevertheless,	 little	

































Alkali	metal	 	 	 	 X	 	 	 	 	 	 X	
Alkaline	





1.3	 110	 180	 69	 25	 26	 24	 14	 7	 3	
Wood	chips	 0.6	 240	 110	 100	 27	 15	 31	 21	 7	 2	
Saw	dust	
(pine)	 0.1	 300	 39	 102	 11	 13	 71	 23	 8	 2	
Spruce	bark	 2.3	 280	 7	 63	 6	 1	 31	 18	 4	 3	
Pine	bark	 1.7	 290	 6	 63	 28	 2	 27	 21	 8	 4	
Agricultural	Biomasses	
Wheat	straw	
(Danish)	 4.7	 52	 280	 140	 4	 4	 11	 10	 4	 4	
Barley	straw	
(Finnish)	 5.9	 32	 290	 160	 <1	 1	 13	 11	 6	 4	
Rapeseed	 2.9	 210	 15	 140	 3	 7	 4	 39	 43	 3	







this	 thesis,	 because	 it	would	 include	 the	 design	 of	 a	 new	 chipping	 and	 sorting	
system	to	the	terminal.								
Potassium	chloride,	sodium	chloride	and	potassium	hydroxide	are	highly	soluble	






on	 the	 behavior	 of	 alkali	 compounds	 in	 water	 and	 acids	 are	 presented	 in	
Equations	 1–13	 to	 clarify	 the	 chemistry	 behind	 the	 alkali	 removal	 process	 by	
washing.						KCl s → KI(aq) + ClO(aq)	 	 	 (1)	NaCl	 s → NaI aq + ClO(aq)	 	 	 (2)	KOH	 s → KI aq + OHO(aq)	 	 	 (3)	KSPOU s → 3	KI aq + POUSO(aq)		 	 	 (4)	Ca NOS W s → CaWI aq + 2	NOSO(aq)		 	 (5)	KNOS s → KI aq + NOSO(aq)	 	 	 (6)	NaWSOU	 s → 2	NaI aq + SOUWO(aq)	 	 	 (7)	KWSOU(s) → 2	KI(aq) + SOUWO(aq)	 	 	 (8)	MgSOU s → MgWI aq + SOUWO(aq)	 	 	 (9)	
	
Calcium	hydroxide	and	oxide	 react	with	acids,	but	are	slightly	 soluble	 in	water.	
Calcium	phosphate	and	magnesium	phosphate	are	slightly	soluble	in	water,	but	



















2016),	and	 in	this	 thesis,	 the	utilization	of	 the	residual	alkalis	 is	not	particularly	
considered.		








Filtration	 is	 the	most	 commonly	 used	 unit	 operation	 for	 a	 continuous	washing	
process	including	the	separation	of	most	solvent.	The	equipment	alternatives	for	
continuously	 washing	 with	 filtration	 are:	 horizontal	 belt,	 rotary	 vacuum	 drum	
washer	with	bottom	feed,	rotary	table	and	rotary	tilting	pan.	The	rotary	vacuum	
drum	 washer	 seems	 to	 be	 the	 most	 attractive	 option	 for	 the	 alkali	 removal	























Figure	 5.	 Principle	 of	 rotary	 vacuum	 drum	 washer.	 (Seminarsonly	 2015)	 The	
vacuum	 inside	 the	drum	 sucks	 the	 slurry	of	 biomass	 and	washing	 liquid	 to	 the	












The	advantages	of	 the	 rotary	 vacuum	drum	washer	 include	 inexpensive	prices,	







of	 reverse	 osmosis	 (~0.1	 nm)	 is	 more	 suitable	 for	 this	 situation	 than	 that	 of	
nanofiltration	 (~1	 nm)	 for	 example.	Osmosis	 is	 a	 natural	 process,	 in	which	 the	
solvent	 moves	 to	 the	 more	 concentrated	 side	 of	 the	 semi-permeable	 porous	
membrane.	 In	 reverse	 osmosis	 the	 solvent	 is	 forced	 to	 flow	 to	 the	 opposite	
direction	through	the	membrane	with	pressure	higher	than	the	natural	osmotic	
gradient	 on	 the	 feed	 side.	 Simultaneously,	 the	 dissolved	 solids	 are	 largely	
rejected	 by	 the	membrane.	 The	 fractionation	 of	molecules	 is	mostly	 based	 on	
their	sizes	and	shapes.	On	the	other	words	the	permeate	solution	containing	the	
‘smaller’	 species	 penetrates	 through	 the	 membrane,	 whereas	 the	 retentate	
solution	containing	the	‘larger’	species	 is	rejected	by	the	membrane,	which	can	
be	seen	in	Figure	7.	Reverse	osmosis	is	usually	applied	for	sea	water	or	brackish	







Figure	7.	 Principle	of	membrane	 separation	 (Datta	et	 al.	 2014)	 such	as	 reverse	
osmosis.		
	
The	 advantages	 of	 the	 RO	 include	 separations	 efficiency,	 environmental	
friendliness,	 energy	 savings,	 and	 other	 economic	 benefits	 (Datta	 et	 al.	 2014).	
Typical	 brackish	 water	 installations	 can	 separate	 98	 %	 of	 the	 salt	 from	 feed	
water.	RO	plants	have	a	very	high	space/production	capacity	ratio,	ranging	from	
25	 to	 60	m3/day/m2	membrane.	 (Bradshaw	1997)	 This	 unit	 operation	 can	 take	
place	at	room	temperature	and	there	 is	no	phase	change,	which	would	require	
supplying	and	removing	large	amounts	of	energy	(McCabe	et	al.	1993).			
The	 disadvantages	 of	 the	 reverse	 osmosis	 include	 the	 demand	 for	 the	 regular	
cleaning	of	membrane	and	the	high	pressure	required.	Brackish	water	contains	
0.1–3.5	%	of	salts	(Engineering	Toolbox	2016a),	which	is	more	than	fresh	water,	
but	 less	 than	 sea	water.	 The	 operating	 pressures	 range	 from	 17	 to	 28	 bar	 for	
brackish	water	desalination.	The	operating	pressures	for	sea	water	desalination	
are	much	higher	 (55–70	bars).	 (Bradshaw	1997)	Luckily,	 the	salt	concentrations	
of	 the	 used	 liquid	 in	 this	 process	 are	 a	 lot	 closer	 to	 the	 brackish	 water	 salt	
concentrations,	 see	 Chapter	 6.2.6.	 Some	 of	 the	 pressurizing	 energy	 can	 be	






The	 biomass	 and	 the	 residual	 water	 are	 separated	 after	 the	 washing.	 The	
separation	 should	 be	 done	 as	 cost-efficiently	 as	 possible.	 The	 solid-liquid-
separation	 in	 industry	 can	 be	 done	 using	 various	 methods,	 including	 thermal	
heating,	 pressing,	 gravity,	 filtration,	 cyclones,	 centrifuges	 and	 membranes	
(Tarleton	et	al.	2007).	The	mechanical	pressing	of	the	biomass	seems	to	be	the	
most	attractive	option,	because	it	is	a	simple	and	cost-efficient	unit	operation.				
Stefan	 Sobota	 (2014)	 has	 invented	 an	 especially	 efficient	 industrial	mechanical	
press	for	the	separation	of	biomass	and	water.	The	pressing	with	this	equipment	
can	 remove	 even	 half	 of	 the	 water	 naturally	 bound	 to	 biomass	 (see	 Chapter	
6.1.1).	Naturally	biomass	has	the	moisture	content	of	40–60	%	(Alakangas	2000).	
The	 moisture	 distribution	 in	 biomass	 after	 pressing	 will	 be	 very	 uniform	 also,	
which	facilitates	the	favorable	control	of	a	subsequent	process.	Large	savings	in	
the	 energy	 consumption	 could	 be	 achieved	 by	 using	 this	 equipment	 after	 the	
biomass	washing	process	and	before	thermal	heating	 in	the	fast	pyrolysis	plant	











Davidsson	 et	 al.	 (2002)	 noticed	 that	 washing	 wheat	 straw,	 wood	 waste	 and	
cellulose	 biomass	 with	 acetic	 acid	 as	 1	 M	 solution	 and	 rinsing	 it	 with	 water	
afterwards	 was	 a	 lot	 more	 efficient	 in	 the	 alkali	 removal	 than	 washing	 the	
biomass	 only	 with	 water.	Washing	 with	 water	 reduced	 the	 alkalis	 from	 wood	
waste	biomass	5–30	%	while	acid	washing	was	more	effective	and	reduced	the	
alkalis	about	70	%.	Water	and	acetic	acid	were	used	at	room	temperatures	in	the	
experiments.	 The	 ratio	 of	 biomass–acetic	 acid	 solution	was	 1:50	 and	biomass–
rinsing	water	ratio	1:100	in	the	acid	washing.	(Davidsson	et	al.	2002)				
Oudenhoven	 et	 al.	 (2013)	 investigated	 pine	 wood	 washing	 with	 second	
condenser	 liquid	prior	 to	pyrolysis	of	 the	biomass.	They	managed	to	effectively	
remove	 the	 alkali	 ions	 initially	 present	 in	 biomass,	 as	 their	 best	 removal	
efficiency	of	the	ash	of	pine	wood	was	over	96	%.	The	decreases	of	ash	content	
in	the	experiments	are	presented	in	Table	4.	No	significant	consumption	of	acetic	




washing	 was	 noticed	 to	 be	 important	 in	 the	 removal	 of	 the	 washing	 liquid	







in	 the	ash	 removal	process,	whereas	 the	 reaction	 time	was	of	 less	 importance,	
which	 can	 be	 seen	 in	 Table	 4.	 They	 noticed	 also	 that	 the	 ash	 remaining	 after	
washing	process	was	mostly	silica.	(Oudenhoven	et	al.	2013)					
	

































Stefanidis	 et	 al.	 (2015)	 studied	pine	wood	washing	with	water,	 1	%	acetic	 acid	
and	1	%	nitric	acid.	They	used	a	 temperature	of	50	 °C	 in	all	experiments	and	a	
reaction	time	of	4	hours	for	the	water	washing	and	2	or	4	hours	reaction	time	for	
the	 acid	 washings.	 They	 remarked	 that	 the	 most	 important	 factor	 during	 the	
biomass	pre-treatment	was	 the	washing	 temperature;	higher	 temperatures	 (50	
°C)	were	significantly	more	effective	for	the	removal	of	the	inorganics	than	room	
temperature.	 The	 residence	 time	 had	 a	 substantially	 smaller	 effect	 on	 the	
removal.	The	biomass	loss	was	not	larger	in	the	nitric	acid	wash	than	in	the	acetic	
acid	wash.	The	ash	contents	of	the	initial,	the	water-washed	and	the	acid-washed	
pine	 wood	 biomasses	 and	 the	 ash	 removal	 efficiencies	 of	 the	 washes	 are	
presented	in	Figure	9.	The	concentrations	of	K,	Na,	Mg,	Fe,	Al,	Ca	and	P	before	
and	after	washing	with	water	or	acid	are	 reviewed	 in	Table	7	and	 the	 removal	
efficiencies	of	those	elements	in	the	same	conditions	are	presented	in	Figure	10.	
Figure	10	shows	that	potassium,	sodium	and	phosphorus	were	easy	to	remove,	




demineralized	biomass	samples	yielded	 in	 increased	organic	 liquid	product	and	
reduced	 char	 and	 gas	 products,	 especially	 CO2.	 The	 effect	 of	 nitric	 acid	
concentration	and	temperature	on	the	ash	removal	is	presented	in	Table	8.	The	
influence	 of	 acetic	 acid	 concentration	 and	 temperature	 on	 the	 removal	 is	
presented	 in	 Table	 9.	 The	 biomass	 loss	 with	 different	 washing	 liquids	 and	
concentrations	is	presented	in	Table	10.	(Stefanidis	et	al.	2015)	Tables	8–9	show	
that	 the	 nitric	 acid	 is	 more	 efficient	 washing	 liquid	 for	 the	 ash	 removal	 than	






























































In	2013,	 some	 laboratory	experiments	were	carried	out	at	VTT	on	 the	biomass	
washing	(Oasmaa	et	al.	2015b).	The	biomass	was	washed	with	condensate	from	
the	VTT	pilot	to	remove	the	ash	of	the	biomass.	Forest	residue	(0.55–0.92	mm,	
ash	 content	 2.25	 w-%)	 was	 kept	 in	 the	 condensate	 for	 four	 hours	 and	





%,	 which	 can	 be	 seen	 from	 Figure	 11.	 The	 reasons	 for	 the	 yield	 increase	 are	
based	on	the	reaction	kinetics	for	example.	Trendewich	et	al.	(2015)	noticed	that	
potassium	 inhibits	 the	 formation	 of	 pyrolysis	 products	 and	 catalyzes	 char	
formation.	Nevertheless,	the	removal	of	very	small	quantities	of	AAEMs	may	not	













The	 conclusions	 from	 this	 experiment	 were	 that	 the	 removal	 of	 ash	 from	
feedstock	can	be	feasible:	
-If	 product	 bio-oil	 is	 10	 %	 more	 valuable	 than	 base	 oil,	 and	 the	 additional	
investment	is	less	than	about	5	M€	(Oasmaa	et	al.	2015b).	









rinsed	 with	 water.	 This	 washing	 procedure	 reduced	 the	 ash	 content	 of	 the	
biomass	 from	 2.3	 w-%	 to	 0.5	 w-%.	 This	 corresponds	 to	 78	 %	 removal.	 The	
biomass-to-washing	 liquid	 mass	 ratio	 was	 1:25	 in	 this	 experiment.	 Thus,	 the	








40/60/80 °C, 4 h
Biomass 20 g











The	 biomass	 ash	 removal	 in	 a	 small	 scale	 will	 be	 tested	 in	 these	 laboratory	
experiments.	The	removal	is	a	phenomenon,	which	is	affected	by	many	different	
parameters.	 Even	 though	 the	 subject	has	been	 studied	previously,	 it	 is	 unclear	
which	 parameters	 affect	 the	 removal	 the	 most,	 because	 contradictory	 results	
have	 been	 presented	 (see	 Chapters	 2.5–2.6).	 Therefore,	 the	 effect	 of	 many	
parameters	 will	 be	 explored.	 Those	 will	 be	 the	 washing	 liquid	 (condensate	 or	




the	 preliminary	mass	 balance	 calculations	 and	 on	 the	 washing	 experiments	 in	





series	 was	 performed	 with	 the	 optimal	 parameters	 instead	 of	 the	 basic	 point	
parameters,	because	the	data	from	the	removal	with	the	parameters	used	in	the	
balance	calculations	was	desired.			
The	 purpose	 of	 the	 experimental	 part	 is	 to	 support	 the	 applied	 part,	 more	









the	 effect	 of	 the	 temperature	 to	 the	 biomass	 alkali	 removal	 with	 condensate.	
The	 goal	 of	 the	 third	 and	 fourth	 experimental	 series	 was	 to	 determine	 the	








for	 the	 heating	 has	 a	 temperature	 of	 60	 °C	 (Solantausta	 2016)	 (see	 Chapter	
6.2.8).	Hence	the	possible	washing	temperature	cannot	be	too	high,	to	avoid	too	
large	 heat	 exchangers.	 However,	 it	 is	 recommended	 to	 investigate	 the	 higher	
temperatures,	since	good	results	have	been	indicated	in	literature	(Oudenhoven	
et	al.	2013,	Oudenhoven	et	al.	2015).	Concentration	of	nitric	acid	was	not	tested	












-The	 biomass-washing	 liquid	 slurry	 was	 filtered	 with	 a	 suction	 filter	 after	 a	





-Next,	 the	 biomass	was	 rinsed	with	water	 (40	 °C)	 in	 the	 same	 equipment	 and	
collected	from	the	top.		




The	 experimental	 parameters	 are	 listed	 in	 Table	 11.	 The	 ash	 content	 and	 the	









which	 is	 the	same	size	used	 in	the	pilot	scale	experiments	 (see	Chapter	4).	The	






Table	 11.	 Parameters	 of	 laboratory	 test	 series:	 biomass-washing	 liquid-slurry	
















0	 40	 2	 -	 -	 1:15	 <5		
1a	 40	 2	 1:10		 -	 1:10	 <5	
1b	 40	 2	 1:8	 -	 1:10	 <5	
1c	 40	 2	 1:5	 -	 1:10	 <5	
2a	 40	 2	 1:5	 -	 1:10	 <5	
2b	 60	 2	 1:5	 -	 1:10	 <5	
2c	 80	 2	 1:5	 -	 1:10	 <5	
3a	 40	 2	 -	 1:10		 1:10	 <5	
3b	 40	 2	 -	 1:8		 1:10	 <5	
3c	 40	 2	 -	 1:5		 1:10	 <5	
4a	 40	 2	 -	 1:4		 1:10	 <5	
4b	 40	 2	 -	 1:3		 1:10	 <5	
4c	 40	 2	 -	 1:2		 1:10	 <5	
5a	 40	 0.5	 -	 1:5		 1:10	 <5	
5b	 40	 1	 -	 1:5		 1:10	 <5	
5c	 40	 2	 -	 1:5		 1:10	 <5	
6a	 40	 2	 -	 1:5		 1:15		 <5	
6b	 40	 2	 -	 1:5		 1:10		 <5	
6c	 40	 2	 -	 1:5		 1:5	 <5	
7a	 40	 0.5	 -	 1:5	 1:5	 <5	








The	 experimental	 series	 1–2	 clarified	 the	 choice	 of	 the	 acidic	 liquid	 for	 the	
biomass	alkali	removal.	The	results	of	the	series	1–2	were	that	the	amount	of	the	
available	 condensate	 is	 insufficient	 and	 with	 this	 diluted	 washing	 liquid,	
adequate	 removal	 cannot	 be	 achieved	 even	 with	 higher	 temperatures.	
Consequently	 the	 rest	 of	 the	 experiments	 were	 carried	 out	 with	 nitric	 acid	
solutions,	which	had	also	given	good	results	in	previous	studies	(Stefanidis	et	al.	
2015).	The	other	aspects	 in	selecting	 the	acidic	 liquid	are	presented	 in	Chapter	
5.1.3.				
The	measurement	error	of	 temperature	was	evaluated	 to	be	±	5	 °C	 (Paasonen	
2016),	 because	 the	 plate	 heaters	 were	 old	 and	 did	 not	 have	 an	 adjustable	
temperature	sensor.	The	error	of	the	ash	removal	efficiencies	was	estimated	to	
be	5	%	points.	An	example	of	this	was	that	the	ash	removal	efficiency	was	39	%	
and	 34	 %	 in	 the	 experiment	 1c	 and	 2a,	 which	 had	 the	 same	 experimental	
conditions.			





In	 the	 experimental	 series	 3,	 very	 large	 vacuum	 was	 used	 by	 accident,	 which	
caused	 bubble	 formation	 in	 the	 suction	 flask.	 Gases	 usually	 liberate	 at	 high	
temperatures	and	 low	pressures,	 so	 it	was	 suspected	 that	 some	gases,	 such	as	
nitrogen	oxides,	were	formed.	The	vacuum	in	the	industrial	rotary	vacuum	drum	
washer	 cannot	 be	 that	 large,	 because	 the	 pressures	 of	 the	 industrial	 rotary	









time	 of	 2	 h.	 Consequently,	 the	 optimal	 residence	 time	 is	 0.5	 hours.	 The	
advantages	 of	 a	 shorter	 residence	 time	 are	 significant:	 the	 size	 of	 the	 tank,	 in	
which	the	slurry	is	created,	is	reduced,	so	the	power	consumption	in	mixing	the	
slurry	is	noticeably	reduced,	and	the	price	of	the	tank	is	also	decreased.										
In	 the	 experimental	 series	 6,	 the	 optimal	 biomass-to-rinsing	 water	 mass	 ratio	
was	 defined.	 The	 ash	 removal	 efficiencies	 varied	 between	 53–56	 %,	 so	 the	
smallest	 mass	 ratio	 (1:5)	 was	 as	 good	 as	 the	 largest	 mass	 ratio	 (1:15)	 in	 the	
limitations	of	measurement	accuracy.	
















Table	 12.	 Ash	 removal	 efficiencies	 of	 experimental	 series,	 η.	 Condensate	 is	
abbreviated	 as	 Cond.	 here.	 Concentration	 of	 HNO3	 was	 1	 %.	 Parameters	 are	
washing	 liquid,	biomass-to-washing	 liquid	mass	 ratio,	wbs,	 the	biomass-washing	




no	 Liquid	 wbs	 T	[°C]	 t	[h]	
wbr	 dp	[mm]	 η	[%]	
0	 Water	 1:15	 	 	 	 	 24	
1a	 Cond.	 1:10	 	 	 	 	 41	
1b	 Cond.	 1:8	 	 	 	 	 39	
1c	 Cond.	 1:5	 	 	 	 	 39	
2a	 Cond.	 	 40	 	 	 	 34	
2b	 Cond.	 	 60	 	 	 	 30	
2c	 Cond.	 	 80	 	 	 	 42	
3a	 HNO3	 1:10	 	 	 	 	 54	
3b	 HNO3	 1:8	 	 	 	 	 54	
3c	 HNO3	 1:5	 	 	 	 	 54	
4a	 HNO3	 1:4	 	 	 	 	 48	
4b	 HNO3	 1:3	 	 	 	 	 44	
4c	 HNO3	 1:2	 	 	 	 	 44	
5a	 HNO3	 	 	 0.5	 	 	 49	
5b	 HNO3	 	 	 1	 	 	 49	
5c	 HNO3	 	 	 2	 	 	 54	
6a	 HNO3	 	 	 	 1:15	 	 54	
6b	 HNO3	 	 	 	 1:10	 	 56	
6c	 HNO3	 	 	 	 1:5	 	 53	
7a	 HNO3	 	 	 	 	 <	5	 50	






Particle	 size	of	 biomass	 in	 the	 experimental	 series	was	determined	using	 sieve	













biomass	 (see	 Figure	13)	was	 compared	 to	 the	 smaller	 chip	 size	biomass	 (0.55–
0.92	 mm).	 The	 result	 of	 the	 experimental	 series	 7	 was	 that	 the	 chip	 size	 of	
biomass	 hardly	 effected	 the	 ash	 removal.	 The	 ash	 removal	 efficiency	 for	 the	
larger	particle	size	biomass	was	50	%	and	for	the	smaller	particle	size	biomass	51	
%.	The	moisture	content	of	the	finer	mass	was	31	w-%	and	the	moisture	content	
of	 the	 coarser	mass	 was	 39	 w-%	 in	 the	 beginning.	 Thus,	 the	 finer	mass	 binds	
more	 liquid	 in	the	washing	stage.	The	ash	content	of	the	finer	biomass	was	3.0	
w-%	and	for	the	coarser	biomass	3.2	in	the	beginning.		
Concentrations	 of	 the	 AAEM	 ions	 and	 of	 some	 of	 their	 counter	 ions	 in	 the	






















According	 to	 these	 laboratory	 experiments,	 the	 optimal	 alkali	 removal	 process	
parameters	 were	 nitric	 acid	 as	 washing	 liquid,	 washing	 temperature	 40	 °C,	
residence	 time	 0.5	 h,	 biomass-to-washing	 liquid	 mass	 ratio	 1:5,	 biomass-to-
rinsing-water	mass	 ratio	 1:5	 and	 the	 normal	 chip	 size	 (<5	mm).	 Rinsing	 water	
temperature	was	40	°C	and	the	nitric	acid	concentration	1	%	in	the	experiments.	
These	are	the	most	important	parameters	affecting	the	alkali	removal,	although	





biomass	 are	 recommended,	 because	 the	 combined	 effects	 of	 different	


















a	 larger	 scale.	 Nitric	 acid	 solution	 is	 used	 for	washing.	 The	washed	 biomass	 is	





50	 kg).	 The	 slurry	 of	 biomass	 and	 washing	 liquid	 was	 kept	 in	 a	 tank	 for	 30	
minutes.	The	washing	 temperature	was	about	40	 °C	 (43–44	°C).	The	slurry	was	
mixed	with	a	countercurrent	mixer	with	the	speed	of	90	rpm.	The	mixer	had	four	
mixing	elements	on	 its	axel	and	 its	blades	a	 length	of	37	cm.	The	motor	of	 the	
mixer	 was	 SEW	 Eurodriven	 1.1	 kW	 electric	 motor	 and	 the	 manufacturer	
Uutechnic	Oy.	The	mixer	is	presented	in	Figure	15.	Thereafter,	the	biomass	and	
the	washing	liquid	were	separated	with	a	wire	mesh	sieve	by	pressing	the	liquid	










At	 first,	 the	 pilot	 scale	 experiment	 was	 attempted	 to	 be	 carried	 out	 with	 a	
pressure	filter	(Outotec	Larox),	but	the	slurry	was	too	viscose	for	it.	The	pump	of	
the	 pressure	 filter	 got	 stuck	 immediately.	 This	 confirmed	 the	 choice	 of	 the	
equipment,	the	rotary	vacuum	drum	washer	for	the	plant	scale.							
The	 pyrolysis	 experiments	 were	 performed	 as	 follows	 (Lindfors	 2016):	 The	
biomass	 used	 in	 the	 experiment	was	 stored	 in	 a	 small	 gas-tight	 tank	with	 the	
capacity	of	4	kg.	Raw	material	was	fed	 into	the	pyrolysis	 from	the	feeding	tank	





the	 liquid	 bio-oil	 product.	 Hot	 gases	 and	 vapours	were	 cooled	 first	with	water	
indirectly	in	a	stainless	steel	cooler	after	which	an	electrostatic	precipitator	was	
used	to	recover	the	aerosols	from	the	gases.	From	the	electrostatic	precipitator	
the	 non-condensate	 and	 light	 organics	 were	 led	 to	 a	 glycol	 cooler	 where	 the	






not	 shown	 in	 Figure	 16,	 to	 ensure	 nearly	 total	 recovery	 of	 residual	water	 and	
light	organics.	 The	 composition	of	 the	non-condensable	 gases	was	 analysed	by	
gas	chromatography.		
	
































After	 the	 pyrolysis	 experiments,	 the	 collected	 char	 and	 bio-oil	 was	 weighed.	
Most	 of	 the	 organics	 in	 the	 bio-oil	 (≈95	 w-%)	 were	 recovered	 in	 the	 stainless	
steel	cooler	and	electrostatic	precipitator	 (Figure	17).	The	product	 in	 the	glycol	




liquid	 products	 from	 the	 scrubber,	 electrostatic	 precipitator	 and	 glycol	 cooler.	
The	 liquid	 recovery	 system	 was	 rinsed	 after	 each	 experiment	 with	 a	 small	
amount	 of	 methanol	 to	 remove	 the	 condensed	 bio-oils	 from	 the	 walls	 of	 the	
condensers.	 The	 amount	 of	 pyrolysis	 liquid	 condensed	 on	 the	 walls	 was	















(see	Chapter	3.3).	The	particle	 size	 in	 the	pilot	 scale	was	0.55–0.92	mm	and	 in	
the	 laboratory	scale	<5	mm.	 It	 is	actually	<5	mm	in	the	plant	scale	as	well.	The	




manual	 pressing	was	not	 very	 efficient.	 The	 ash	 content	 of	 the	biomass	 in	 the	
beginning	was	2.9	w-%	and	in	the	end	1.6	w-%,	so	the	removal	efficiency	of	ash	
was	 45	 %.	 The	 combination	 of	 the	 rotary	 vacuum	 drum	 washer	 and	 the	
mechanical	press	is	expected	to	function	better	than	this	mostly	manual	system	
used.	 The	 reason	 for	 this	 is	 that	 the	 dissolved	 alkalis	 will	 be	 removed	 more	
efficiently,	when	more	water	is	sucked	and	pressed	out.		





























washing	 liquid	slurry	 is	 rather	viscose,	so	special	attention	has	to	be	paid	to	 its	
treatment	such	as	mixing	and	pumping.	However,	the	slurry	will	be	less	viscous	
in	the	plant	scale,	when	the	biomass	of	larger	particle	size	will	be	used.		









The	 goal	 of	 ash	 removal	 efficiency	 depends	 on	 several	 factors.	 Those	 are	 for	
example	the	requirements	for	the	oil	quality	and	the	particulate	emission	limits	
in	 combustion.	 The	bonding	of	 ash	 compounds	 in	 the	biomass	 also	 affects	 the	
goal	of	removal.	The	more	ash	is	removed,	the	more	resources	such	as	liquid	and	
energy	are	consumed.	The	goal	of	ash	removal	efficiency	was	set	based	on	the	






this	 case,	 because	 some	 of	 the	 ash	 compounds	 are	 organically	 bound	 to	 the	
structure	of	the	biomass	and	thus	cannot	be	removed	by	washing	(see	Chapter	
2.3).	Forest	residue	chips	have	the	mass	percent	of	ash,	w-%	ash,	forest	residue,	1.3	on	
dry	 basis	 (Wilén	 et	 al.	 1996).	 The	 goal	 for	 removal	 efficiency,	 Goal-%,	 is	
calculated	according	to	Equation	14.						
Goal − % =	 h%	ijk,			mnopjq	opjrstpOh%	ijk,			qotuvh%	mnopjq	opjrstp ∙ 100	% ≈ 54	%											(14)	
	
Hence,	 the	 goal	 of	 the	 process	 is	 to	 reduce	 the	 ash	 of	 the	 biomass	 54	 %.	
However,	 this	 is	 lower	 than	 the	 removal	 efficiencies	 previously	 described	 in	




















to	 the	drain	 as	 such	 (Joensuun	 vesi	 2016).	 Placing	 the	used	 condensate	 to	 the	
fluidized	 bed	 boiler	 would	 not	 have	 been	 an	 option	 either,	 because	 the	
vaporization	of	large	flow	rates	of	liquid	would	not	have	been	feasible	because	of	
the	 large	 consumption	 of	 energy.	 Thus,	 if	 condensate	 was	 used	 in	 the	 alkali	
removal	process,	a	waste	water	treatment	plant	should	have	been	constructed,	
which	would	have	raised	the	fixed	capital	investment.	Therefore,	there	were	two	
major	 reasons	 for	 rejecting	 the	condensate	as	an	alternative.	Also	 the	catalytic	




hydrochloric	 acid.	 Unfortunately,	 the	 information	 of	 the	 propensity	 of	
hydrochloric	acid	to	destroy	the	structure	of	biomass	was	not	available,	so	it	was	




are	 both	 strong	 acids,	 so	 they	 protolyze	 completely.	 The	 acid	 constant,	 Ka	
[mol/dm3]	(25	°C),	of	nitric	acid	is	22	and	for	hydrochloric	acid	107.	(Taulukot.com	
2016)	Most	 of	 the	 published	biomass	washes	 had	been	performed	with	 either	
condensate	 type	 liquid	 or	 dilute	 nitric	 acid	 (Oudenhoven	 2013,	 2015	 and	
Stefanidis	 2015),	 which	 supported	 our	 choice:	 the	 nitric	 acid.	 However,	 if	
hydrochloric	 acid	 would	 not	 destroy	 the	 structure	 of	 the	 biomass,	 it	 could	 be	
efficient	in	alkali	removal	thanks	to	its	high	acid	constant.	More	research	on	this	
is	required.	Additionally,	the	product	after	neutralizing	the	hydrochloric	acid	with	
sodium	 hydroxide	 (sodium	 chloride)	 would	 be	 more	 environmentally	 friendly	























































The	 forest	 residue	 (moisture	 40	 %)	 is	 crushed	 into	 a	 finer	 particle	 size	 (to	 <5	
mm).	40	°C	1	%	nitric	acid	(1:5),	 is	added	to	the	tank,	where	the	slurry	is	mixed	
for	 30	 minutes.	 The	 slurry	 is	 pumped	 to	 the	 rotary	 vacuum	 drum	 washer,	 in	




with	 a	 mechanical	 press	 to	 remove	 the	 residual	 water.	 The	 used	 acid	 is	
neutralized	with	sodium	hydroxide	solution	according	to	Equation	15.	HNOS + NaOH → NaNOS + HWO		 	 	 (15)	
	
Water	 is	 recycled	 by	 reverse	 osmosis	 (see	 Chapter	 2.4.2),	which	 separates	 the	
salts.	 A	 small	 portion	 of	 the	 permeate	 flow	 and	 the	 retentate	 are	 led	 to	 the	
municipal	 waste	 water	 treatment	 plant.	 Alternatively,	 fertilizer	 could	 be	
manufactured	from	the	waste	water,	see	Chapter	(6.1.7).	The	recycling	permeate	
is	 divided	 into	 two	 flows,	 so	 that	 the	 inlet	water	 consumption	 is	 divided	more	








The	operating	 instructions	are	based	on	the	 flow	chart	 (see	Attachment	2)	and	
on	the	list	of	control	instruments	(see	Attachment	6).	These	instructions	are	the	
preliminary	guideline	to	be	followed	in	the	control	room	of	the	new	unit.		
The	 biomass	 is	 crushed	 in	 a	 crusher	 KA-1	 and	 then	 conveyed	 with	 a	 screw	
conveyor	 JD-1.	 The	 biomass	 feed	 is	 controlled	 in	 the	 screw	 conveyor	with	 the	
control	instrument	FFICA-1,	which	measures	the	flow	rates	12	and	17.			
Strong	nitric	acid	(68	%)	is	stored	in	a	tank	FA-6,	which	is	fulfilled	every	14	days	
based	on	 the	 tank	 sizing,	 see	Chapter	6.2.3.	Dilute	nitric	acid	 feed	 is	 formed	 in	
the	 vessel	 FA-1,	where	water	 and	nitric	 acid	 are	mixed	with	GD-1.	Dilute	nitric	
acid	 feed	 to	 process	 is	 controlled	 with	 FICA-1.	 The	 rinsing	 water	 feed	 is	
controlled	 with	 FICA-2.	 The	 water	 feed	 to	 FA-1	 is	 controlled	 with	 instrument	
LICA-1.	The	nitric	acid	feed	to	FA-1	is	adjusted	with	the	instrument	FFICA-2.	The	
washing	 liquid	 is	 heated	 with	 heat	 exchanger	 EA-1	 and	 the	 rinsing	 water	 is	
heated	with	heat	exchanger	EA-2.						
The	biomass	and	 the	washing	 liquid	are	mixed	 in	 the	 tank	FA-4	with	 the	mixer	
GD-3.	The	biomass-washing	liquid	slurry	feed	to	GA-5	is	adjusted	with	the	control	
instrument	LICA-2.	The	slurry	is	pumped	with	GA-5	to	the	container	of	the	rotary	
vacuum	drum	washer	 (HA-1).	The	vacuum	of	 the	drum	sucks	 the	used	washing	
liquid	 and	 rinsing	 water	 inside	 of	 the	 drum,	 as	 at	 the	 same	 time	 the	 biomass	
stays	 on	 top	 of	 the	 drum.	 The	 washed	 biomass	 is	 conveyed	 with	 the	 screw	
conveyor	 JD-2	 to	 the	mechanical	 press	 KE-1	 and	 the	 pressed	 biomass	 is	 taken	
forward	to	the	drying	unit	of	the	fast	pyrolysis	plant.		
The	used	washing	liquid	is	neutralized	with	sodium	hydroxide.	Sodium	hydroxide	
is	stored	 in	tank	FA-3,	which	 is	 fulfilled	every	14	days	based	on	the	tank	sizing,	
see	 Chapter	 6.2.3.	 Dilute	 sodium	 hydroxide	 feed	 is	 formed	 in	 the	 vessel	 FA-5,	
where	water	and	strong	sodium	hydroxide	are	mixed	with	GD-3.	Dilute	sodium	































acid,	 sodium	 hydroxide	 and	 sodium	 nitrate,	 and	 pH	 were	 calculated	 also	 (see	
Attachment	1).			
In	 chemical	 engineering,	 steady	 state	 is	 a	 situation,	 in	which	all	 state	 variables	
are	constant.	In	this	case,	this	means	that	outflow	is	equal	to	inflow.	This	can	be	




information	 is	 useful	 and	 applied	 in	 the	 calculation	 of	 the	 balances.	 The	mass	
balance	 equations	 can	 be	 divided	 into	 two	 groups:	 the	 ones	 formed	 from	 the	
assumptions	presented	in	this	Chapter	and	the	ones	iterated	with	Excel’s	Solver.	
In	the	latter,	all	the	variables	are	transformed	to	the	left	side	of	the	equation	and	











-The	moisture	 content	 of	 the	 biomass	 is	 the	 same	 after	 the	 pressing	 as	 in	 the	
feed,	 40	 %.	 So	 the	 process	 does	 not	 increase	 the	 amount	 of	 water	 bound	 to	
biomass	and	thus	the	drying	costs	of	the	pyrolysis	plant	do	not	change.	The	usual	
moisture	content	after	the	pressing	is	37–38	%	(Wikberg	2016),	when	using	the	
novel	 mechanical	 dewatering	 press	 invented	 by	 Stefan	 Sobota	 (see	 Chapter	
2.4.3).	According	to	Sobota,	the	moisture	content	of	the	biomass	is	even	possible	









-The	 water	 permeability,	 p,	 of	 the	 reverse	 osmosis	 membrane	 is	 75	 %	 (see	
Chapter	6.2.6)	
-Since	the	salt	ions	consist	mostly	of	sodium	nitrate,	the	ability	of	the	membrane	
to	 separate	 this	 compound	 is	most	 significant.	 The	ash	 separation	efficiency,	 r,	
for	NaNO3	is	97	%	(Dow	2016a)	
-When	 the	 total	mass	 balance	 is	 calculated,	 the	 amount	 of	 the	 sodium	nitrate	
and	water	 formed	 in	 the	neutralization	 reaction	 is	 small	 compared	 to	 the	 total	
amount	of	water	






the	 moisture	 content	 of	 the	 biomass	 after	 the	 rotary	 vacuum	 drum	 washer	
would	 be	 70	 %,	 when	 it	 actually	 is	 86–90	 %	 (Jussila	 2016).	 However,	 the	
simplification	was	good	enough	in	this	case.			
	
























flow	 rate	4	was	 calculated	with	Equation	16,	 flow	 rate	8	with	Equation	17	and	
flow	rate	10	with	Equation	18.	Equation	19	describes	the	neutralization	reaction	
of	 nitric	 acid	 and	 sodium	 hydroxide	 and	 Equation	 20	 the	 balance	 of	 water	
recycling	 from	 the	 press.	 The	 flow	 rates	 of	 the	washing	 liquid	 and	 the	 rinsing	
water	 were	 calculated	 from	 Equation	 21.	 Equation	 22	 describes	 the	 second	
recycling.	 Equation	 23	 represents	 the	mechanical	 press.	 Equation	 24	 describes	
the	biomass	flow	rate	to	thermal	drier.	Equation	25	presents	the	mass	balance	of	
the	 tank	 FA-1,	 Equation	 26	 the	 tank	 FA-4,	 Equation	 27	 the	 tank	 FA-5	 and	
Equation	28	the	mass	balance	of	the	reverse	osmosis.		
Nitric	 acid	 and	 sodium	hydroxide	 react	 completely,	 so	 their	 constant	 values	 in	
the	cycles	are	0.	The	flow	rate	of	68	%	nitric	acid	was	calculated	from	Equations	
29–30	and	the	flow	rate	of	100	%	sodium	hydroxide	from	Equation	31.	Equations	
32,	33,	34,	35	and	36	describe	 the	 total	balance,	 reverse	osmosis,	waste	water	
treatment	 plant,	 first	 recycling	 and	 the	 drum,	 respectively.	 The	 flow	 rates	
calculated	with	Solver	are		m,	mS,	m,	m,	m,	m.		
Flow	m	is	the	outflow	of	water	from	the	tank	FA-2.	That	flow	was	preferred	to	








m = mS +m	 	 	 	 (19)	mS = m +m	 	 	 	 (20)	mW = m = 5 ∙ mW	 	 	 	 (21)	mU = mW − m	 	 	 	 (22)	m = m −m	 	 	 	 (23)	m = mW − η~123 ∙ w-/, ∙ mW	 	 	 (24)	m = m + m	 	 	 	 (25)	mW +m = mW	 	 	 	 (26)	 	m = mW + mWW	 	 	 	 (27)	m = mU +mWS	 	 	 	 (28)	m = .∙1. = m<,		 	 	 (29)	m<, = m<,S = m<,S = m<,	 	 (30)	







of	 alkalis:	 the	 flow	 to	 the	 waste	 water	 treatment	 plant	 and	 the	 flow	 to	 the	
biomass	thermal	dryer.			
The	 ash	 balance	 was	 calculated	 with	 Equations	 38–49.	 Equations	 38–47	 were	
solved	analytically,	whereas	Equations	48–49	were	iterated	with	Solver.	Equation	
38	presents	the	flow	rate	4	of	ash	with	the	rejection	value	of	the	membrane.	The	










m-/,W + m-/, = m-/,W	 	 	 (46)	m-/, + m-/, + m-/,U = m-/,WS	 	 	 (47)	η ∙ m-/,W + m-/, + m-/,W − m-/,S = 0	 	 (48)	m-/,W − m-/, − m-/, = 0	 	 	 (49)	
		
6.1.4	Sodium	nitrate	balance	
Sodium	 nitrate	 mass	 balance	 was	 calculated	 with	 Equations	 50–60.	 Equations	
50–57	were	solved	analytically,	whereas	Equations	58	and	59	were	iterated	with	





the	 washing	 stage.	 Equation	 57	 describes	 the	 permeate	 flow	 rate	 of	 sodium	
nitrate.	Equation	58	represents	 the	mass	balance	of	 the	drum	and	Equation	59	









m<, = 11 I1I1¡ ∙ m<, − m<,U 	 	 (52)	m<,U = 1¡1 I1I1¡ ∙ m<, − m<,U 	 	 (53)	m<, = m<,U + m<,	 	 	 (54)	m<,W = m<,U		 	 	 	 (55)	m<, = m<, = m<,W	 	 	 (56)	m<,WS = m<, − m<,U	 	 	 (57)	m<,W + m<, − m<,S = 0	 	 (58)	m<,S + m<2~1 − m< = 0	 	 (59)	
In	which	










Since	 nitric	 acid	 is	 strong	 acid,	 it	 becomes	 protolyzed	 completely,	 which	 is	
demonstrated	 in	 Equations	 61–62.	 When	 the	 volume	 is	 constant,	 also	 the	
concentrations	 of	 these	 components	 are	 equal.	 The	 pH	 of	 the	 nitric	 acid	









HNOS + HWO → NOSO + HSOI	 	 	 (61)	n HNOS = n(HSOI)	 	 	 	 (62)	pH = − log HSOI = −log	[HNOS]	 	 	 (63)	HNOS = ¥(<)¦r 	 	 	 	 (64)	
In	which		
n HNOS = .∙1<%,<∙< 	 	 	 (65)	V¨ = 1r©A∙hAI©<∙h<	 	 	 (66)	
	pOH = −log OHO = −log	[NaOH]	 	 	 (67)	pH = 14 − pOH	 	 	 	 (68)	
NaOH = ¥i¦r 	 	 	 	 (69)	
In	which		
n = n HNOS = .∙1<%,<∙< 	 	 (70)	V¨ = 1r©A∙hAI©i∙hi	 	 	 (71)	
	






All	 the	 flow	 rates,	 mass	 concentrations	 and	 pH	 calculated	 from	 the	 mass	
balances	are	presented	 in	Attachment	1.	The	mass	balances	are	utilized	also	 in	
the	variable	cost	calculations	(see	Chapter	7.2.2).		
The	 only	 waste	 flow	 of	 the	 process	 can	 be	 led	 to	 the	 municipal	 waste	 water	
treatment	plant,	since	it	consists	of	just	water,	sodium	nitrate	(2.8	%)	and	other	





and	 the	 market	 price	 of	 sodium	 nitrate	 (99.3	 %)	 is	 0.41–0.45	 €/kg	 (Alibaba	





rate	 of	 waste	 water	 is	 977	 m3/d.	 This	 is	 expected	 to	 be	 appropriate	 flow	 for	











Table	 16.	 Mass	 concentrations	 of	 sodium	 nitrate	 formed	 and	 other	 ash	
compounds	in	washing	liquid	and	rinsing	water.			
Flow	no	 Description	 NaNO3	[ppm]	 Ash	[ppm]	
17	 Washing	liquid	 160	 40	






of	 equipment	 used.	 However,	many	 similarities	 in	 sizing	 and	 pricing	 principles	
exist.	Sizing	is	usually	based	on	flow	rates,	the	capacities	of	equipment,	residence	




The	 equipment	 for	 the	 flows	 of	 relatively	 low	 pH-values	 should	 tolerate	
corrosion.	 Corrosion	 resistant	 materials	 for	 dilute	 nitric	 acid	 solution	 include	
stainless	steel	304	and	316,	Hastelloy	C276,	titanium	and	some	plastics	such	as	










websites,	 taken	 from	 correlations	 in	 literature	 or	 from	 the	 Process	 Design	








capacity	 of	 the	 rotary	 vacuum	 drum	 washer	 is	 8	 t/m2	 softwood	 and	 6	 t/m2	
hardwood	(Tarleton	et	al.	2007).	The	fast	pyrolysis	raw	material	is	Finnish	forest	
residue,	which	consists	of	about	85	%	softwood	and	15	%	hardwood	(see	Chapter	
2.2).	 Consequently,	 the	 capacity,	 c,	 of	 the	 rotary	 vacuum	 drum	 washer	 was	
calculated	according	to	Equation	72.	





The	 radius,	 diameter,	 length	 and	 volume	 of	 the	 rotary	 vacuum	 drum	 washer	
were	 calculated	 also.	 The	 rotary	 vacuum	 drum	 washer	 has	 the	 shape	 of	 a	
cylinder,	so	its	measures	are	calculated	from	Equation	73.	The	length	of	the	drum	
is	expected	to	be	six	times	as	high	as	its	radius.				







GL&V	manufactures	 them	 in	 standard	 diameters:	 2.44	m,	 2.90	m,	 3.51	m	 and	
4.11	m	and	 lengths	 range	between	2.44–9.14	m	 (GL&V	2014).	 In	 this	 case,	 the	
purchase	price	of	the	rotary	vacuum	drum	washer	is	evaluated	to	be	1	100	000	€	
(Jussila	 2016).	 The	 sizing	 and	 pricing	 of	 the	 rotary	 vacuum	 drum	 washer	 is	





The	 vacuum	 is	 formed	with	 a	 squeegee.	 The	moisture	 content	 of	 the	 biomass	




Name	 Ajacket	[m2]	 r	[m]	 d	[m]	 V	[m3]	 l	[m]	 s	[rpm]	 P	[kW]	 C	[k€]	
HA-1	 52	 1.2	 2.3	 31	 7.0	 5	 37.5	 1100	
	
6.2.3	Tanks	
There	 are	 six	 tanks	 in	 this	 process:	 FA-1,	 FA-2,	 FA-3,	 FA-4,	 FA-5	 and	 FA-6.	 The	
tanks	were	 sized	 based	 on	 the	 flow	 rates.	 The	 tanks	were	 designed	 not	 to	 be	
more	than	90	%	full	(Hurme	2008).	The	tanks	FA-1,	FA-2	and	FA-5	were	designed	
to	 have	 the	 capacity	 to	 store	 the	 process	 flow	 of	 ten	 minutes,	 so	 that	 the	
pumping	 is	 easy	 and	 there	will	 be	enough	 time	 to	mix	 the	HNO3	and	water	 as	
well	as	NaOH	and	water.	The	sizes	of	 the	 raw	material	 storage	 tanks	are	often	







Minimizing	 the	 sizes	 of	 the	 storage	 tanks	 for	 hazardous	 chemicals	 is	 also	 one	
important	principle	of	inherent	safety.		
The	heights	of	the	tanks	are	designed	to	be	three	times	as	large	as	the	diameters.	
The	 tanks	 have	 the	 shapes	 of	 a	 cylinder,	 so	 the	 mathematical	 formula	 of	 a	
cylinder	 (see	Chapter	 6.2.2)	was	utilized	 in	 the	 sizing	 calculations.	 The	heights,	
diameters	and	volumes	of	the	tanks	are	listed	in	Table	18.	The	purchase	prices	of	
the	tanks	were	estimated	according	to	their	volumes	from	the	graph	in	Process	






	 Measures	 Material	 	
Name	 d	[m]	 h	[m]	 V	[m3]	 Quality	 Factor	 C	[k€]	
FA-1	 1.2	 3.5	 3.8	 SS	316	 2.1	 6.9	
FA-2	 2.2	 6.5	 24	 CS	 1.0	 7.4	
FA-3	 3.4	 10.2	 92	 SS	304	 2.4	 56.4	
FA-4	 3.1	 9.3	 69	 SS	304	 2.4	 42.0	
FA-5	 0.9	 2.8	 2.0	 SS	304	 1,7	 4.1	






There	 are	 10	 pumps	 in	 the	 process	 area:	GA-1A,	GA-2A,	GA-3A,	GA-4A,	GA-5A	




Thus,	 every	 pump	 type	 has	 its	 own	 function,	 which	 is	 either	 1)	 raising	 the	
potential	energy	2)	raising	the	pressure	or	3)	transporting	the	viscous	slurry.		
All	the	pumps	for	the	raising	of	liquid	are	centrifugal	pumps	in	this	process.	The	


















GA-3	 4.7	 k€	 and	 GA-4	 3.7	 k€.	 The	 efficiency	 for	 all	 these	 pumps	 is	 0.7.	 The	
estimations	 of	 the	 power	 consumptions	 are:	 GA-1	 uses	 160	 kW,	GA-2	 7.5	 kW,	
GA-3	11	kW	and	GA-4	2.2	kW.	 (Heikkilä	2016)	The	 feed	pumps	 for	 the	 reverse	
osmosis	 should	 achieve	 the	 pressure	 difference	 of	 22.5	 bars	 on	 average	
(Bradshaw	1997).	Own	evaluation	for	the	heads	of	GA-2A/B	and	GA-3A/B	was	20	
meters	and	GA-4A/B	10	meters.			
In	 this	 process,	 the	 feed	 pumps	 of	 the	 slurry	 are	 Bredel	 hose	 pumps,	 which	
endure	acidic	conditions	and	suit	for	continuous	pumping	of	high	viscosity	fluids.	
Bredel	2100	has	the	largest	capacity	of	the	Bredel	hose	pumps	available,	which	is	
108	 m3/h	 at	 the	 maximum.	 (Watson-Marlow	 2016)	 The	 budget	 price	 of	 one	
Bredel	 2100	 pump	 is	 48	 k€	 and	 the	 power	 consumption	 per	 pump	 is	 37	 kW	
(Partanen	2016).	The	slurry	feed	is	110	m3/h;	therefore,	the	purchase	prices	and	
energy	 consumptions,	 were	 updated	 with	 a	 capacity	 exponent	 (Hurme	 2008).	
This	is	presented	in	Equations	75–76.	The	typical	value	of	the	capacity	exponent	
is	0.7	(Melin	2016).		
C¥h = C23 ∙ °up±°n²s %	 	 	 	 (75)	













Name	 m	[kg/s]	 ρ	[kg/l]	 pH	 H	[m]	 Δp	[bar]	 P	[kW]	 C/piece	[k€]	
GA-1A/B	 44	 1.0	 7	 -	 22.5	 160	 44	
GA-2A/B	 13	 1.0	 7	 20	 -	 7.5	 4.2	
GA-3A/B	 20	 1.0	 7	 20	 -	 11	 4.7	
GA-4A/B	 4.7	 1.0	 7	 10	 -	 2.2	 3.7	




There	are	two	screw	conveyors	 in	the	process,	 JD-1	and	JD-2.	 JD-1	conveys	the	
crushed	 biomass	 to	 the	mixing	 tank	 of	 slurry	 and	 JD-2	 transports	 the	 washed	
biomass	 to	 the	 mechanical	 press.	 The	 pressed	 biomass	 can	 be	 carried	 to	 the	
drying	unit	with	an	existing	conveyor.	The	length	of	JD-1	was	estimated	to	be	4	
meters	and	JD-2	6	meters.	In	this	process,	the	screw	conveyors	drive	the	biomass	
horizontally,	 so	 they	 can	 be	 at	 least	 45	 %	 full.	 Their	 diameters	 and	maximum	
recommended	 speeds	were	designed	according	 to	 their	 capacities,	which	were	
figured	out	by	the	flow	rates.	(Walas	2012)	The	power	consumption	of	the	screw	
conveyor	can	be	calculated	from	Equation	77	(Sinnott	2013).			P = 0.028 + 0.0139ml.	 	 	 	 (77)	
Where	 P	 =	 power	 consumption	 [kW],	 m	 =	 mass	 flow	 [t/h]	 and	 l =	 conveying	
distance	[m]	
	
Prices	 of	 the	 screw	 conveyors	 were	 estimated	 based	 on	 their	 lengths	 (Page	
1996).	The	prices	were	2.1	k€	for	JD-1	and	2.3	k€	for	JD-2.	However,	there	prices	









Name	 l	[m]	 P	[kW]	 s	[rpm]	 d	[m]	 C	[k€]	
JD-1	 4	 0.7	 140	 0.3	 2.8	






salts,	so	 it	can	be	classified	as	brackish	water	 (see	Chapter	2.4.2).	 Industrial	RO	
systems	 can	 typically	 recover	 50–85	%	 of	 water	 depending	 on	 the	 feed	water	
characteristics	 for	 example	 (Puretec	 2016).	 The	 recovery	 values	 are	 higher	 for	
brackish	 water	 than	 sea	 water.	 Therefore,	 an	 own	 estimation	 of	 the	 recovery	
value	of	75	%	was	used.	
The	 number	 of	 RO	 elements	 in	 a	 system	 can	 be	 calculated	 with	 Equation	 78	
(Puretec	2016).	
No	of	RO	elements = ¦¸popiqp	 <j¹∙º 	 	 	 (78)	






365.	 Consequently,	 the	 area	 of	 each	 element	 is	 34	m2.	 (Dow	 2016b)	 A	 typical	
brackish	 water	 flux	 is	 0.0000066	 ;<1A∙-	 (Puretec	 2016).	 Thus,	 the	 number	 of	
elements	was	 calculated	 to	be	148.	 The	price	of	 reverse	osmosis	membrane	 is	
13.13–17.75	€/m2	 (Jacob	2016),	 so	 the	average,	15.44	€/m2,	was	used	here	 for	
the	calculation	of	the	purchase	price.	The	sizing	and	pricing	of	RO	are	presented	
in	 Table	 21,	 in	 which	 the	 permeate	 flow	 rate,	 flux,	 water	 permeability,	 active	







𝜑 mSmW ∙ s  p [%] 𝐴	[m2]	 No.	of	elements	 Cm	[€/m2]	 CRO	total	[k€]	
HX-1	 0.033	 0.0000066	 75	 34	 148	 15.4	 77.6	
		
6.2.7	Mixers	















The	 mixing	 tank	 for	 the	 slurry	 has	 a	 rather	 large	 size,	 69	 m3	 and	 demanding	




mixer	 is	 not	 large	 enough	 to	 get	 the	 entire	 slurry	moving.	 The	 recommended	








Name	 Tank	 Content	 VTank	[m3]	 ρ	[kg/m3]	 limpeller	[m]	 P	[kW]	 C	[k€]	
GD-1	 FA-1	 Liquid	 3.8	 1.0	 0.4	 3.4	 0.51	
GD-2	 FA-5	 Liquid	 2.0	 1.1	 0.2	 1.8	 0.25	



















are	 flow	 rate	 of	 district	 heating	 return	 water,	 logarithmic	 mean	 temperature	




Name	 m/	[t/h]	 ∆T½	[°C]	 U	[W/m2K]	 AEA	[m2]	 C	[k€]	




for	 the	 biomass	 and	 water	 separation.	 Etteplan	 manufactures	 those	 to	 the	
individual	 requirement	 of	 each	 customer	 (Sobota	 2016).	 However,	 at	 the	
moment	that	equipment	is	used	only	in	the	laboratory	scale	and	one	pilot	project	
(Thelander	2016).	The	details	of	the	press	in	this	case	were	inquired	straight	from	




biomass	 after	 pressing	 is	 40	w-%	 (see	 Chapter	 6.1.1)	 and	 the	 flow	 rate	 to	 the	
press	is	33.1	t/h	(47.3	m3/h).	The	purchase	price	for	the	press	was	evaluated	to	





Name	 𝑉[m3/h]	 wmoist	[w-%]	 E	[kWh]	 C	[k€]	




Proper	 crushing	 before	 washing	 is	 important,	 so	 that	 the	 washing	 liquid	 has	
enough	 contact	 area	with	biomass,	 and	 the	 removal	of	 alkalis	will	 be	efficient.	
The	 desired	 crusher	 (KA-1)	 already	 exists	 in	 the	 Joensuu	 fast	 pyrolysis	 plant,	
where	it	is	referred	to	as	“the	fine	milling	unit”.	The	crusher	is	a	cutting	and	fast-




decrease,	 when	 the	 biomass	 has	 more	 moisture.	 This	 aspect	 is	 not	 yet	
considered	in	this	thesis.					
The	energy	consumption	of	crushing	depends	on	the	desired	chip	size	according	
to	 Equation	 79	 (Ratinen	 2016).	 Some	 examples	 of	 the	 energy	 consumption	 of	

























The	purchase	prices	 and	 the	 costs	of	 the	 installed	equipment	are	presented	 in	
Table	26.	The	installation	factor	is	0.1	for	the	most	equipment	(Hurme	2008),	so	
the	cost	of	installed	equipment	is	calculated	with	Equation	80.			Cost	of	installed	equipment = 1.1	 ∙ Purchase	price		 (80)	
	
Table	26	 shows	 that	 the	 rotary	vacuum	drum	washer,	HA-1,	 is	by	 far	 the	most	
expensive	 equipment.	 The	 mechanical	 dewatering	 press,	 KE-1,	 is	 the	 second	





















HA-1	 Rotary	vacuum	drum	washer	 1100	 1210	 52	
KE-1	 Mechanical	press	 300.0	 330.0	 14	
FA-6	 HNO3	storage	tank	 203	 223	 10	
HX-1	 Reverse	osmosis	-unit	 78	 85	 4	
FA-3	 NaOH	storage	tank	 56	 62	 3	
GA-5A	 Slurry	feed	pump	 48.7	 54	 2	
GA-5B	 Slurry	feed	spare	pump	 48.7	 54	 2	
GA-1A	 Reverse	osmosis	feed	pump	 44	 48	 2	
GA-1B	 Reverse	osmosis	feed	spare	pump	 44	 48	 2	
GD-3	 Slurry	mixer	 42.4	 46.6	 2	
FA-4	 Slurry	mixing	tank	 42	 46	 2	
EA-1	 Heat	exchanger	for	washing	liquid	 32	 36	 2	
EA-2	 Heat	exchanger	for	water	 32	 36	 2	
FA-2	 Tank	 7.4	 8.1	 -	
FA-1	 Tank	 6.9	 7.6	 -	
GA-3A	 Centrifugal	pump	 4.7	 5.2	 -	
GA-3B	 Centrifugal	pump	 4.7	 5.2	 -	
GA-2A	 Centrifugal	pump	 4.2	 4.6	 -	
GA-2B	 Centrifugal	pump	 4.2	 4.6	 -	
FA-5	 Tank	 4.1	 4.5	 -	
GA-4A	 Centrifugal	pump	 3.7	 4.1	 -	
GA-4B	 Centrifugal	pump	 3.7	 4.1	 -	
JD-1	 Screw	conveyor	 2.8	 3.1	 -	
JD-2	 Screw	conveyor	 3.1	 3.4	 -	
GD-1	 Mixer	 0.5	 0.6	 -	
GD-2	 Mixer	 0.3	 0.3	 -	
KA-1	 Crusher	 0	 0	 -	























The	 fixed	 costs	 consist	 of	 repair,	 maintenance,	 salaries,	 social	 costs,	 taxes,	









the	 monthly	 salary	 of	 an	 operator	 is	 2900	 €.	 The	 salaries	 and	 social	 costs	




social	 securities,	 accident	 insurances,	 holiday	 bonuses,	 education,	 occupational	
health	services,	sick	leaves	and	work	clothes	are	taken	into	consideration.		
Quality	control	 is	20	%	of	salaries	and	social	costs	(R.K.	Sinnott	2005).	Research	
and	 development	 were	 evaluated	 to	 be	 30	 %	 of	 the	 salaries	 and	 social	 costs.	
Thus,	 two	 experts	 could	 be	 hired	 also:	 a	 laboratory	 assistant	 with	 a	 monthly	








statistics	 2015).	 Spare	 pumps	 are	 seldom	 used,	 so	 they	 are	 not	 taken	 into	














Device	ID	 Name	 [kWh]	 %	
GA-1A	 Reverse	osmosis	feed	pump	 160	 38	
KE-1	 Mechanical	press	 130	 31	
GA-5A	 Slurry	feed	pump	 38	 9	
HA-1	 Rotary	vacuum	drum	washer	 37.5	 9	
GD-3	 Slurry	mixer	 22	 5	
GA-3A	 Centrifugal	pump	 11	 3	
GA-2A	 Centrifugal	pump	 7.5	 2	
GD-1	 Mixer	 3.4	 0.8	
GA-4A	 Centrifugal	pump	 2.2	 0.5	
JD-2	 Conveyor	 2	 0.5	
GD-2	 Mixer	 1.8	 0.4	
JD-1	 Conveyor	 0.73	 0.2	




68	 %	 nitric	 acid	 is	 0.27	 €/kg	 (Alibaba	 2016a).	 The	 industrial	 water	 cost	 was	
evaluated	 to	 be	 0.57	 €/m3,	 which	 is	 the	 industrial	 water	 cost	 in	 Neste	 Oil	
(Sundblom	2015).	The	waste	water	treatment	cost	in	Joensuun	vesi	is	1.93	€/m3	
(Joensuun	vesi	2016).		
The	 typical	 operating	 time	 of	 a	 CHP-plant	 was	 evaluated	 to	 be	 5500	 h/a	
(Solantausta	 2016).	 This	 was	 taken	 into	 consideration	 by	 multiplying	 all	 the	
variable	costs	with	an	operating	time	factor,	which	was	calculated	with	Equation	
81.	









presented	 in	 Table	 29,	 which	 shows	 that	 nitric	 acid	 and	 sodium	 hydroxide	























The	 evaluation	 of	 the	 costs	 of	 a	 new	 process	 is	 relatively	 accurate,	 when	
compared	 to	 the	 estimation	 of	 the	 incomes.	 They	 fluctuate	 according	 to	 the	
customer	 interest,	 economic	 situation	 and	 product	 quality	 for	 example.	






because	 the	unit	would	not	ever	have	paid	 itself	back	 in	 the	 real	 case	without	





and	prices	€/MJ	are	presented	 in	Table	30.	The	LHV	of	 the	FPBO	 is	15.6,	when	





	 unit	 HFO	 LFO	 FPBOold	 FPBOnew	
LHV	 MJ/kg	 41.1	 42.7	 15.6	 15.6	
Price	 €/kg	 0.49	 0.72	 0.19	 0.26	
€/MJ	 0.012	 0.017	 0.012	 0.017	
	
	
Due	 to	 the	 reduction	 of	 ash	 in	 the	 feed,	 a	 plant	 producing	 48	500	 t/a	may	 be	
estimated	to	be	able	to	increase	its	production	to	56	300	t/a	(Solantausta	2016).	
This	 is	based	on	the	assumption	that	the	yield	of	the	organic	 liquid	is	 increased	
from	 50	 %	 to	 58	 %	 on	 dry	 basis	 (Oasmaa	 et	 al.	 2015b),	 which	 is	 optimistic	
considering	the	results	of	the	pyrolysis	experiment	in	this	thesis	(see	Chapter	4).	









7.1)	 and	 the	 operating	 costs	 4470	 k€/a	 (see	 Chapter	 7.2).	 The	 earnings	 before	
interest,	 taxes,	depreciation	and	amortization,	EBITDA,	are	about	1320	k€/a	by	
Equation	83.		EBITDA = sale	incomes − operating	costs				 	 (83)	
	
The	 company	 tax	 percent	 was	 20	 %	 in	 Finland	 in	 2015	 (Veronmaksajain	
keskusliitto	 ry	 2015).	 The	profit	 of	 financial	 period,	 PFP,	 is	 about	1060	 k€/a	by	





are	 calculated	 from	 Equation	 85.	 The	 required	 internal	 rate	 of	 return,	 IRR,	 is	
usually	15	%	in	Finnish	companies	(Golam	2016).		








ROI = 	 ÑÒÓ ∙ 100	%	 	 	 	 (86)	
	
NPV	of	unit	(net	present	value	of	unit)	is	the	sum	of	the	opposite	number	of	the	
fixed	capital	 investment	and	 the	positive	values	of	 the	NPVs	of	PFPs.	 The	 right	
value	for	PBT	is	found	from	the	point	where	the	NPV	of	unit	is	zero.		
This	is	illustrated	in	Figure	19.	It	shows	that	the	PBT	is	12.5	years,	so	ROI	is	8.0	%	





n	 PFP	 fd	 NPV	of	PFP	 NPV	of	unit	
0	 -5834	 1.00	 -5834	 -5834	
1	 1059	 0.87	 921	 -4913	
2	 1059	 0.76	 801	 -4112	
3	 1059	 0.66	 696	 -3416	
4	 1059	 0.57	 605	 -2811	
5	 1059	 0.50	 526	 -2284	
6	 1059	 0.43	 458	 -1827	
7	 1059	 0.38	 398	 -1429	
8	 1059	 0.33	 346	 -1083	
9	 1059	 0.28	 301	 -782	
10	 1059	 0.25	 262	 -520	
11	 1059	 0.21	 228	 -292	
12	 1059	 0.19	 198	 -94	













Sensitivity	 analysis	 is	 a	 tool	 for	 viewing	 how	 the	 profitability	 of	 investment	
changes,	 when	 one	 or	 more	 parameters	 are	 changed.	 In	 this	 thesis,	 the	
sensitivity	analysis	was	performed	for	the	change	in	the	fixed	capital	investment	
and	 the	 prices	 of	 the	 chemicals	 (HNO3	 and	 NaOH),	 which	 have	 the	 most	
significant	impact	on	the	operating	costs	(see	Chapter	7.2.3).	These	factors	affect	
the	 economic	 feasibility	 the	most	 after	 the	 sale	 incomes,	 which	 instead	 could	
have	not	been	increased	any	further.	Own	estimation	for	the	economic	feasibility	
of	a	new	unit	is	presented	in	Table	32.	It	should	be	still	noted	that	91	%	of	ash	is	




















changed.	Table	33	presents	 the	 fixed	capital	 investment	and	operating	costs	 in	
this	part.	The	sensitivity	analysis	of	 the	 fixed	capital	 investment	 is	presented	 in	
Figure	 20.	 It	 shows	 that	 the	 payback	 time	decreases	 to	 about	 3.8	 years,	 if	 the	
investment	is	reduced	to	3500	k€.	
	














In	 the	 second	 part	 of	 the	 sensitivity	 analysis,	 only	 the	 prices	 of	 the	 chemicals	
















There	were	 two	aims	 in	 this	 thesis.	 The	 first	 goal	was	 to	design	a	 realistic	 and	





The	alkali	 removal	unit	was	designed	by	testing	 the	wash	process	 in	 laboratory	
and	 pilot	 scale,	 choosing	 the	 suitable	 equipment,	 drawing	 the	 flow	 chart	
including	 the	 control	 instruments,	 calculating	 the	 mass	 balances,	 defining	 the	
most	important	technical	values	for	all	the	equipment	and	writing	the	operating	
instructions.	 The	economic	potential	 of	 the	new	unit	was	 studied	by	 searching	
the	 current	 prices	 for	 all	 equipment,	 calculating	 the	 fixed	 capital	 investment,	
calculating	the	operating	costs	of	the	unit	based	on	the	balances	and	the	power	
consumption	 of	 equipment.	 In	 addition,	 the	 sensitivity	 analysis	was	 performed	
for	the	fixed	capital	investment	and	chemical	prices.		
Nitric	 acid	 was	 selected	 as	 the	 washing	 liquid	 based	 on	 the	 laboratory	







0.5	 h,	 nitric	 acid	 concentration	 1	 %,	 washing	 solution-biomass	mass	 ratio	 1:5,	
rinsing-water	mass	ratio	1:5	and	the	normal	chip	size	(<5	mm).	The	goal	for	the	
removal	efficiency	of	biomass	ash	was	achieved	in	laboratory	in	the	limitations	of	
measurement	 accuracy	 and	 almost	 achieved	 in	 the	 pilot	 scale.	 The	 total	 ash	
removal	 was	 50	 %	 in	 laboratory	 and	 45	 %	 in	 pilot	 scale.	 The	 pilot	 scale	
experiment,	 however,	 was	 performed	 without	 the	 real	 equipment,	 so	 better	
removal	efficiencies	are	expected	in	plant	scale.	Rotary	vacuum	drum	washer	is	
the	washing	equipment	of	choice,	because	of	its	relatively	inexpensive	price	and	





possible.	 The	 inherent	 safety	 is	 very	high	due	 to	many	 reasons:	 the	amount	of	
process	 devices	 is	minimized,	 the	used	washing	 temperature	 (40	 °C)	 is	 low,	 all	
the	 nitric	 acid	 is	 neutralized	 with	 the	 sodium	 hydroxide,	 the	 concentration	 of	
nitric	 acid	 and	 sodium	 hydroxide	 are	 low,	 the	 risk	 of	 corrosion	 is	 minimized,	




The	electricity	consumption	of	 the	unit	 is	 relatively	 low,	below	400	kWh,	when	
the	biomass	feed	is	4.6	kg/s.		
The	 process	 is	 not	 economically	 feasible	 without	 major	 changes	 and	 further	
study.	Even	if	91	%	of	ash	was	removed,	the	product	sold	in	the	price	of	light	fuel	
oil	 and	 the	 yield	 of	 organic	 liquid	 raised	 from	 50	%	 to	 58	%	 on	 dry	 basis,	 the	







It	 is	 recommended	 to	 study	 experimentally	 the	 presented	 alternative	more	 in	
detail.	 Particularly	 higher	 washing	 temperatures	 should	 be	 investigated,	 since	
good	 results	 have	 been	 indicated	 in	 literature	 (Oudenhoven	 et	 al.	 2013,	
Oudenhoven	 et	 al.	 2015).	 It	 is	 recommended	 to	 explore	 the	 chemistry	 of	 the	
washing	process	more	in	detail,	such	as	the	reactions	of	biomass	and	alkalis	with	
nitric	 acid.	 A	 pilot	 experiment	 with	 the	 right	 equipment	 is	 strongly	
recommended.	The	quality	of	the	product	after	the	pyrolysis	should	be	examined	
too,	 so	 that	 more	 accurate	 evaluation	 of	 its	 price	 was	 obtained.	 The	 other	
methods	 for	 the	 biomass	 alkali	 removal,	 such	 as	 hot-filtration	 of	 vapours,	 ion-
exchange	 of	 bio-oil,	 filtration,	 centrifugation	 and	 steam	 explosion,	 are	
recommended	to	study	too.		
The	 possibility	 of	 using	 hydrochloric	 acid	 as	 the	 washing	 liquid	 could	 be	




















Alakangas	 E.	 2000.	 Suomessa	 käytettävien	 polttoaineiden	 ominaisuuksia,	 VTT	
tiedotteita	2045,	VTT	Valtion	Teknillinen	Tutkimuskeskus,	Espoo		
Alibaba,	 2016a.	 Big	 factory	 price	 of	 nitric	 acid,	 cited	 22.3.2016,	 Available	 at:	
http://www.alibaba.com/product-detail/-Big-Factory-price-of-
nitric_1923516818.html?spm=a2700.7724857.29.1.TCCnCL&s=p		
Alibaba,	 2016b.	 Hot-Selling	 High	 Quality	 Low	 Price	 NaOH	 99,	 cited	 21.4.2016,	
Available	 at:	 http://www.alibaba.com/product-detail/Hot-Selling-High-Quality-
Low-Price_60268961502.html?spm=a2700.7724857.0.0.Q2fqi3&s=p	
Alibaba,	 2016c.	 Hydrochloric	 acid,	 cited	 20.4.2016,	 Available	 at:	
http://www.alibaba.com/product-detail/hydrochloric-acid-factory-manufacture-
and-sale_60063348692.html?spm=a2700.7724857.29.46.xmfOuE		
Alibaba,	 2016d.	 99.3	%	 Sodium	nitrate	 price,	white	 prilled	 sodium	nitrate	with	







Anonymous,	 2016.	 Rahanarvonlaskuri.	 Cited	 13.4.2016.	 Available	 at:	
http://apps.rahamuseo.fi/rahanarvolaskin#FIN		
Averill	 B.,	 Eldredge	 P.,	 2016.	 General	 Chemistry:	 Principles,	 Patterns,	 and	









Bradley	 D.,	 2015.	 Pyrolysis	 Oil	 –	 Commercial	 Markets	 are	 a	 Reality,	 Lee	
enterprises	 consulting	 inc,	 Cited	 29.2.2016.	 Available	 at:	 http://lee-
enterprises.com/pyrolysis-oil-commercial-markets-are-a-reality/				
Bradshaw	 J.,	 1997.	 Source	 Book	 of	 Alternative	 Technologies	 for	 Freshwater	
Augmentation	in	Latin	America	and	the	Caribbean,	Chapter	2.1,	Desalination	by	
Reverse	Osmosis	
Bridgwater,	 A.V.	 Meier,	 D.	 Radlein	 D.,	 1999.	 An	 overview	 of	 fast	 pyrolysis	 of	
biomass.	Organic	Geochemistry,	30,	pp.	1479–1493	
Dalluge	 D.,	 Daugard	 T.,	 Johnston	 P.,	 Kuzhiyil	 N.,	 Wright	 M.,	 Brown	 R.,	 2014.	
Continuous	 production	 of	 sugars	 from	 pyrolysis	 of	 acid	 infused	 lignocellulosic	
biomass,	Green	Chem,	16,	4144-4155	
Datta	 S.,	 Lin	 Y.J.,	 Snyder	 S.W.,	 2014.	 Advances	 in	 Biorefineries,	 Biomass	 and	
Waste	Supply	Chain	Exploitation,	Chapter	5,	pp.	112–151	
Davidsson	 K.O.,	 Korsgren	 J.G.,	 Pettersson	 J.B.C.,	 Jäglid	 U.,	 2002.	 The	 effects	 of	
fuel	washing	techniques	on	alkali	release	from	biomass,	Fuel,	81,	pp.	137-142.	
Dow	 (a),	 FilmtecTM	 Membranes,	 Product	 Information,	 FT30	 Reverse	 Osmosis	
Membrane	Specifications,	Form	No.	609-01020-0406,	Cited	5.4.2016		







Energy	Price	 Statistics.	 2015.	 Statistics	 Explained.	Cited	25.1.2016.	Available	 at:	
http://ec.europa.eu/eurostat/statistics-
explained/index.php/Energy_price_statistics		





Fortum,	 2015.	 Energy	 Production.	 Fuel.	 Bio	 oil.	 Cited	 4.1.2016.	 Available	 at:	
http://www.fortum.com/en/products-and-services/biooil/pages/default.aspx		
Fusion	 Express,	 2016.	 Impellers,	 Pitch	 Blade	 Turbine	 (PBT)	 Impeller,	 Cited	
12.4.2016,	 Available	 at:	 http://www.fusion-express.com/impellers-pitch-blade-
turbine#/pageSize=1000&viewMode=list&orderBy=0&pageNumber=1		














Insee,	 2016.	 National	 Institute	 of	 Statistics	 and	 Economic	 Studies,	 Measuring,	




Combustion	 of	 Different	 Pulverized	 Biomass	 Fuels.	 Combustion	 Science	 and	
Technology,	178	(4),	pp.	655–683.	





Kaipainen	 M.,	 2003.	 Männyn,	 kuusen	 ja	 koivun	 kemiallinen	 koostumus,	 Pro	
gradu-tutkielma	ja	erikoistyö	
Karkela	 L.,	 Meriläinen	 P.,	 2011.	 Maol	 taulukot.	 Kemia.	 2.–9.	 Painos.	 Otavan	
Kirjapaino	Oy,	pp.	135,	147		
Kaukoranta	K.,	Joensuun	vesi.	Advising	on	telephone	10.2.2016	
Keskinen	 K.I.,	 2004.	 Kemian	 laitetekniikan	 taulukoita	 ja	 piirroksia,	 10.	
muuttumaton	painos,	845,	Otatieto,	ISBN	951-672-069-2		
























Nyyssönen	 S.,	 Research	 Scientist,	 VTT,	 Engines	 and	 emissions,	 contacted	
9.2.2016.		
Oasmaa	A.,	Principal	Scientist,	VTT,	contacted	20.1.2016	









bioenergy	and	mineral	oil	 industries	 through	 integrated	biomass	pyrolysis	–	2G	
biofuels.	 Research	 report,	 VTT-R-03852-13,	 Chapter	 3.5.2	 Solids	 and	 alkali	
metals,	pp.	28–29		





79	 p.	 +	 app.	 46	 p.	 ISBN	 978-951-38-7384-4.	 Available	 at:	
http://www.vtt.fi/inf/pdf/publications/2010/P731.pdf			
Oinas,	 P.	 CHEM-E7105	 Process	 Development,	 Lecture	 1,	 Cited	 25.2.2016,	
Available	at:	https://mycourses.aalto.fi/mod/folder/view.php?id=97206		
Outotec,	 2016.	 Outotec	 Larox	 Pressure	 Filters.	 Cited	 22.01.2016.	 Available	 at:	
http://www.outotec.com/en/Products--services/Process-
equipment/Filters/Pressure-filters/			
Oudenhoven	 S.R.G.,	Westerhof	 R.J.M.,	 Aldenkamp	 N.,	 Brilman	 D.W.F.,	 Kersten	
S.R.A.,	 2013.	 Demineralization	 of	 wood	 using	 wood-derived	 acid:	 Towards	 a	
selective	 pyrolysis	 process	 for	 fuel	 and	 chemicals	 production.	 Journal	 of	
analytical	and	Applied	Pyrolysis,	103,	pp.	112–118.		
Oudenhoven	 S.R.G.,	 Westerhof	 R.J.M,	 Kersten	 S.R.A.,	 2015.	 Fast	 pyrolysis	 of	
organic	 acid	 leached	 wood,	 straw,	 hay	 and	 bagasse:	 Improved	 oil	 and	 sugar	
yields.	Journal	of	analytical	and	Applied	Pyrolysis,	116,	pp.	253–262	
Paasikallio	 V.,	 Lindfors	 C.,	 Kuoppala	 E.,	 Solantausta	 Y.,	 Oasmaa	 A.,	 Lehto	 J.,	






Page	 J.S.,	 1996.	 Conceptual	 cost	 estimating	 manual	 (2nd	 edition).	 Section	 2	
Process	Equipment,	Conveying	equipment,	screw	conveyors	p.85	
Partanen,	M.	Pump	expert	in	AxFlow	Helsinki,	personal	contact	26.4.2016	
Puretec.	 Basics	 of	 Reverse	 Osmosis.	 Cited	 15.4.2016,	 Available	 at:	
http://puretecwater.com/resources/basics-of-reverse-osmosis.pdf	
Scholze	B.,	Long-term	Stability,	Catalytic	Upgrading,	and	Application	of	Pyrolysis	
Oil,	 Improving	 the	 Properties	 of	 a	 Potential	 Substitute	 for	 Fossil	 Fuel,	
Dissertation,	Hamburg,	2002	
Seminarsonly,	 2015.	 Mechanical	 Projects.	 Rotary	 Drum	 Vacuum	 Filter.	 Cited	
1.2.2016.	 Available	 at:	 http://www.seminarsonly.com/Engineering-
Projects/Mechanical/Rotary_Drum_Vacuum_Filter.php				
Sinnott,	 R.	 K.,	 2005.	 Chemical	 Engineering	 Design,	 Coulson	 &	 Richardson’s	
Chemical	Engineering,	Volume	6,	Fourth	Edition,	pp.	267		
Sinnott,	R.,	 Towler	G.,	 2013.	Chemical	 Engineering	Design	–	Principles,	 Practice	
and	Economics	of	Plant	and	Process	Design,	Chapter	18.3.4.2	Screw	Conveyors,	
2nd	edition,	pp.	962		




Solantausta,	 Y.	 Senior	 Principal	 Scientist,	 Principal	 Investigator,	 VTT.	 Personal	
contact	2016	
Solantausta	Y.,	Oasmaa	A.,	Sipilä	K.,	Lindfors	C.,	Lehto	J.,	Autio	J.,	Jokela	P.,	Alin	J.,	






Stefanidis	 S.D.,	 Heracleous	 E.,	 Patiaka	 D.T.,	 Kalogiannis	 K.G.,	 Michailof	 C.M,	
Lappas	 A.A.,	 2015.	 Optimization	 of	 bio-oil	 yields	 by	 demineralization	 of	 low	
quality	biomass.	Biomass	and	Bioenergy,	83,	pp.	105–115			
Sundblom	 S.,	 expert	 in	 catalyst	 characterization,	 Neste	 Oil	 Research	 and	
Development,	consulted	14.4.2015	
Tarleton,	 S.	Wakeman	 R.,	 2007.	 Solid/Liquid	 Separation	 –	 Equipment	 Selection	
and	Process	Design,	Chapter	1	and	Chapter	7	
Taulukot.com,	 2016.	 Hapot,	 emäkset,	 pH	 –	 Happovakioita,	 cited	 2.5.2016.	
Available	at:	http://www.taulukot.com/index2.php?search_id=hapot&lng=fi		










Trendewicz	 A.,	 Evans	 R.,	 Dutta	 A.,	 Sykes	 R.,	 Carpenter	 D.,	 Braun	 R.,	 2015.	
Evaluating	 the	 effect	 of	 potassium	 on	 cellulose	 pyrolysis	 reaction	 kinetics.	
Biomass	and	bioenergy,	74,	pp.	15-25.		
Turn	 S.	 Q.,	 Kinoshita	 C.M.,	 Ishimura	 D.M.,	 1997.	 Removal	 of	 inorganic	







Veronmaksajain	 keskusliitto	 ry.,	 2015.	 Yritysveroprosentit	 EU-maissa.	 Cited	
12.4.2016.	 Available	 at:	
https://www.veronmaksajat.fi/luvut/Tilastot/Tuloverot/Yhteisoverotus/		
Vassilev	 S.V.,	 Baxter	 D.,	 Andersen	 L.K.,	 Vassileva	 C.G.,	 Morgan	 T.J.,	 2012.	 An	
overview	of	the	organic	and	inorganic	phase	composition	of	biomass.	Fuel,	94,	1–
33	
Vuori	 A.,	 CHEM-E7105	 Process	 Development,	 Lecture	 8,	 Cited	 12.4.2016,	
Available	at:	https://mycourses.aalto.fi/mod/folder/view.php?id=97206			
Couper	 J.R.,	 Penney	 W.R.,	 Fair	 J.R.,	 Walas	 S.M.,	 2012.	 Chemical	 Process	
Equipment	–	 Selection	and	Design,	 3rd	 edition,	Chapter	5.3.2	 Screw	Conveyors,	
pp.	71		
Watson-Marlow,	 Bredel	 Hose	 Pumps,	 Bredel	 265,	 Bredel	 280	 and	 Bredel	 2100	
hose	 pumps,	 cited	 27.4.2016,	 Available	 at:	 http://www.watson-
marlow.com/Documents/knowledge-hub/Datasheets/gb%20-
%20UK/Bredel%20rebrand/wd-bredel_265_280_2100-gb-03.pdf	
Wikberg	 A.,	 Senior	 Lead	 Engineer,	 Etteplan,	 +46	730	338	963.	 Personal	 contact	
30.5.2016			









	 Total	 Ash	 Ash	 NaNO3	 NaNO3	 HNO3	 HNO3	 NaOH	 NaOH	 	
Flow	no	 [t/h]	 [g/s]	 [ppm]	 [g/s]	 [%]	 [g/s]	 [%]	 [g/s]	 [%]	 pH	
1	 20.3	 0	 0	 0	 0	 340	 4.1	 0	 0	 0.2	
2	 16.6	 148	 32000	 0	 0	 0	 0	 0	 0	 7	
3	 149.4	 75	 1800	 10	 0.023	 340	 0.6	 0	 0	 1.1	
4	 40	 72	 6510	 311	 2.8	 0	 0	 0	 0	 7	
5	 45.8	 1	 67	 4	 0	 0	 0	 0	 0	 7	
6	 0.7	 0	 67	 0	 0	 0	 0	 0	 0	 7	
7	 40.7	 72	 6400	 311	 2.8	 0	 0	 0	 0	 7	
8	 33.2	 75	 8160	 0	 0	 0	 0	 0	 0	 7	
9	 9.6	 0	 0	 0	 0	 0	 0	 0	 0	 7	
10	 10.5	 0	 0	 0	 0	 0	 0	 150	 5	 14.1	
11	 159.9	 75	 1680	 320	 0.7	 0	 0	 0	 0	 7	
12	 83	 1	 59	 6	 0.026	 0	 0	 0	 0	 7	
13	 37.2	 0	 0	 0	 0	 340	 2.2	 0	 0	 0.4	
14	 73.4	 1	 67	 6	 0.029	 0	 0	 0	 0	 7	
15	 16.3	 75	 16580	 0	 0	 0	 0	 0	 0	 7	
16	 16.9	 0	 0	 0	 0	 0	 0	 0	 0	 7	
17	 83	 1	 37	 4	 0.016	 340	 1	 0	 0	 0.8	
18	 1.2	 0	 0	 0	 0	 340	 68	 0	 0	 -1.2	
19	 19.1	 0	 0	 0	 0	 0	 0	 0	 0	 0	
20	 99.6	 148	 5360	 4	 0.013	 340	 0.8	 0	 0	 0.9	
21	 0.5	 0	 0	 0	 0	 0	 0	 0.15	 100	 15.7	
22	 10.0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
23	 119.9	 2	 67	 10	 0.029	 0	 0	 0	 0	 0	
24	 124.4	 0	 0	 0	 0	 0	 0	 0	 0	 7	
25	 124.4	 0	 0	 0	 0	 0	 0	 0	 0	 7	
26	 124.4	 0	 0	 0	 0	 0	 0	 0	 0	 7	




























Acetaldehyde	 5.35	 20.3	 21	 Extremely		flammable	
	
	
Methanol	 4.17	 15.8	 65	 Easily		flam-mable,	toxic	
	
X	
Acetic	acid	 2.53	 9.6	 118	 Flammable,		corrosive	
	
X	
n-Propanol	 1.13	 4.3	 82	 Flammable,		toxic	 	
	




2-propanone	 1.01	 3.8	 146	 Flammable	
	
X	
Furan	 0.92	 3.5	 31	 Extremely		flammable	
	
	
Isopropanol	 0.79	 3.0	 82	 Highly	flammable	
	
	
Formic	acid	 0.40	 1.5	 101	 Highly	flammable	
	
X	




acid	 0.17	 0.6	 142	 Flammable	
	
X	
Others*	 0.11	 0.5	 	 	 	 	
"Sugars"	 1.75	 6.7	 	 	
	 	
Unidentified	 6.6	 25.0	 	 	
	 	























































FFICA-1	 Biomass	feed	 JD-1	 Flow	17,	Flow	12	
FFICA-2	 Strong	HNO3	feed	 V-1	 Water	to	FA-1	
FFICA-3	 Strong	NaOH	feed	 V-6	 Water	to	FA-5	
FICA-1	 Dilute	HNO3	feed	 V-3	 Flow	1	
FICA-2	 Water	feed	 V-4	 Flow	9	
FICA-3	 Dilute	NaOH	feed	 V-8	 Flow	3	
LICA-1	 Water	feed	to	FA-1	 V-2	 FA-1	
LICA-2	 Slurry	feed	to	GA-5	 V-5	 FA-4	
LICA-3	 Water	feed	to	FA-5	 V-7	 FA-5	
LICA-4	 Flow	rates	5,	6,	14	 V-9,	V-10,	V-11	 FA-2	
SIC-8	 GA-1	power	 FIC-1	 FIC-1	
SIC-9	 GA-2	power	 FIC-2	 V-12	
SIC-10	 GA-3	power	 FIC-3	 V-13	
SIC-11	 GA-4	power	 FIC-4	 V-14	
SIC-7	 GA-5	power	 FIC-5	 FIC-5	
NC-6	 KE-1	power	 KE-1	 KE-1	
SIC-1	 JD-1	rotating	speed	 JD-1	 JD-1	
SIC-2	 JD-2	rotating	speed	 JD-2	 JD-2	
SIC-3	 HA-1	rotating	speed	 HA-1	 HA-1	
SIC-4	 GD-1	rotating	speed	 GD-1	 GD-1	
SIC-5	 GD-2	rotating	speed	 GD-2	 GD-2	
SIC-6	 GD-3	rotating	speed	 GD-3	 GD-3	
	
	
